In a previous paper (9) In order to get more information about the effect of the rate of the application of the soluble phosphate on the forms in which it will be retained, some further studies were performed. An incubation experiment under the laboratory conditions was carried out, and also the distribution of varying amounts of added phosphate shortly after the application was studied. The results are compared with some data from a couple of field experiments.
In a previous paper (9) results were reported on the distribution of applied water-soluble phosphate in the various fractions of inorganic phosphorus in 180 samples of mineral soils. Samples suspended in KH 2 P0 4 -solution in the ratio of 1 to 50 of soil to solution retained, on the average, about one half of the applied 250 mg P/kg of soil during a period of contact of 24 hours. On the average, about 56 per cent of the retained phosphorus was found in the fluoride soluble fraction, and about 40 per cent in the alkali soluble fraction when the treated samples were analysed by the method of Chang and Jackson (3) after standing moist for three days since the removal of the phosphate solution by centrifuging. It was emphasized that the results may be significantly different, if the period of contact would be longer, and also, if smaller or larger amounts of phosphate were applied.
In order to get more information about the effect of the rate of the application of the soluble phosphate on the forms in which it will be retained, some further studies were performed. An incubation experiment under the laboratory conditions was carried out, and also the distribution of varying amounts of added phosphate shortly after the application was studied. The results are compared with some data from a couple of field experiments.
Material and methods
The material of the present stud}* consists of twelve samples chosen to represent mineral soils of a largely varying phosphate sorption capacity and of different patterns of phosphate retention. The samples are listed in Table 1 with some of the characteristics important for the present study. Ten of the samples are from the plough layer of arable lands, the sample 4 is from the surface layer of a virgin soil, and the sample 12 originates from the layer of the depth of 20 to 30 cm of a The soil pH was measured in 1: 2.5 suspension in 0.01 M CaCl 2 by the glass electrode. The content of organic carbon was estimated by the procedure of Walkley, using the iodometric titration, and the content of clay was determined by the common areometer method. Aluminium and iron were extracted by Tamm's acid ammonium oxalate solution. Aluminium was determined by the Aluminon method and iron by the sulfosalicylic acid procedure after the destruction of the organic matter by ignition.
The indicator of the inorganic-P-sorption capacity was estimated by a procedure based on the Freundlich adsorption isotherm (cf. 7).
The fractionation of inorganic phosphorus was performed by the method of Chang and J ackson (3) , instead of the neutral NH,F-solution a slightly alkaline extractant was used. The occluded forms were not determined.
The samples are listed in the order of the decreasing values of the indicator of the phosphorus sorption capacity, k. In this material it ranges from 1000 to 55.
The average value of k in a larger material of our soils was found to be 290 ±l7 in sand and fine sand soils, 201 ± 24 in loam and silt soils, and 308 ± 20 in clay soils (7). It does not appear to be closely connected with the clay content, or with the acidity. On the other hand, the amounts of acid oxalate soluble aluminium and iron seem to be associated with the values of k also in the present material.
The results of the fractionation of inorganic phosphorus reveal some features typical of our soils (8) . The content of the NH 4 CI-soluble phosphorus is very low. An extremely low content of NH 4 F-soluble phosphorus is found in the samples 4 and 12 from the virgin soils, and this fraction is smaller than that soluble in alkali in all the other soils except in the fine sand sample C 2. The relatively high content of alkali-soluble phosphorus characterizes the samples of Litorina soils, numbers 1 and 2. The occurence of a fairly large part of the inorganic phosphorus in the other samples as the acid-soluble form, may be attributed to the fact that our soils are rather young, and the weathering processes appear to have only sparingly mobilized the original apatite phosphorus to forms bound by iron and aluminium.
The treatments in the incubation experiment were 0, 100, 200, or 500 mg P/kg of soil. 100 g samples of air dry and ground soil were weighed in glass jars, and 50 ml of distilled water, or 50 ml of KH 2 P0 4 solutions containing 200, 400, or 1000 mg P/l, respectively, were added. The soils were dried to about the field capacity, mixed well, and incubated under a loose cover for three months at 18 -2O°C. The samples were air-dried and ground before analysing.
In order to preparate the material for the study of the distribution of the applied phosphorus immediately after the application, 1 g samples of air-dry and ground soil were weighed in a centrifuge tube, and 50 ml of distilled water, or solutions of KH 2 P0 4 containing 2,4, or 10 mg P/l, resp., were added. Thus the applications of phosphorus correspond to those in the incubation experiment. In addition, one sample was treated with phosphate solutions corresponding to applications of 1000, 2000, 5000, or 10000 mg P per kilogram of soil. The suspensions were shaken for two hours, centrifuged, and the fractionation of inorganic phosphorus was carried out.
The increase in the phosphorus content of the various fractions in the samples treated with phosphate as compared with the values obtained for the samples treated with distilled water is taken to indicate the accumulation of the applied phosphate. Mineralization of soil organic phosphorus, or microbiological immobilization of inorganic phosphorus is supposed to be equal in all the treatments, and relatively insignificant. In the incubation experiment it was found that the total amount of phosphorus extracted by the fractionation procedure from the samples incubated for three months without any application of phosphate were 0 to 25 ppm higher than those from the original samples.
Results
The results of the incubation experiment are reported in Table 2 . The pH values in the incubated samples differ from the orginal ones only by -0.3 to -)-0.1 pH units. The changes seem to be independent on the treatments. Thus, differences in the acidity of the variously treated samples are not likely to play any significant role in the distribution of the applied phosphorus.
The recovery of the phosphorus is usually somewhat less than 100 per cent of the amount added. There are no reasons to suppose that this deficit would be caused by an accumulation of phosphorus in the occluded forms. It is probable that losses during the fractionation procedure and a possibly heterogeneous distribution of the added phosphorus in spite of the thorough mixing account for the incomplete recovery.
As could be expected, the largest part of the applied soluble phosphate is recovered in the fluoride-soluble and alkali-soluble forms. Only in a few samples it has remained soluble in ammonium chloride to any marked extent. On the other hand, the acid-soluble fractions has also accumulated very little or not at all of the applied soluble phosphate, except in some samples with a fairly high pH and a low content of iron and aluminium. It is likely that the small increases in this fraction in acid samples may be due to analytical errors.
There are typical differences in the pattern of the distribution of the applied phosphorus between the fluoride-soluble and alkali-soluble forms. The clay loam sample Vi 3a has retained 80 to 90 per cent of the recovered phosphorus in the The most interesting question of this experiment, the effect of the rate of the application on the distribution is answered by these results fairly distinctly. The larger the amount of phosphate applied, the higher part of it may be found in the fluoride soluble form and the less in the alkali-soluble form. Also the part which remains soluble in NH 4 CI increases with an increase in the application.
When the soil samples were submitted to the fractionation procedure immediately after the treatment with the phosphate solutions, results recorded in Table 3 were obtained. The part of applied phosphorus retained during the contact of two hours tends to decrease from the samples with a high value of k to those with a low k, although not quite regularly. It is of particular interest to note that the sample Vi 3a, with a value of k = 1000, is able to retain within two hours the lowest application of phosphate completely, and even about two thirds of the application of 500 ppm. The percentile retention decreases, of course, when the application is increased, but the absolute amounts increase. From the 10000 ppm soluble phosphorus added this sample sorbs 2200 ppm. Even in this case more than one half of the retained phosphorus is found in the alkali soluble fraction which fact indicates the dominance of iron in the pattern of phosphorus fixation in this soil. The samples K 5 and K 101, on the other hand have retained only 20 ppm P or less from the application of 100 ppm, and 16 or 15 per cent from the application of 500 ppm.
The figures in Table 3 showing the percentage of the recovered phosphorus in the various fractions differ surprisingly little from the corresponding values in Table  2 for the samples incubated for three months. The part which has been remained soluble in ammonium chloride is slightly higher in the samples analysed immediatety after the application of phosphate, but this fraction, apparently, represents in this case only an indefinite portion of the phosphate not sorbed by the soil constituents during the two hours of contact. The percentage of recovered phosphorus in the fluoride-soluble fraction is higher and that in the alkali-soluble fraction correspondingly lower than in the incubated samples, but the differences may be rather small in some samples. Only in few cases, some of the applied phosphorus has been recovered in the acid-soluble form. In accordance with the results obtained for the incubated samples, the part of the applied phosphate found in the fluoridesoluble form tends to increase with an increase in the application whereas the contrary is true in regard to the alkali-soluble form.
The pattern of the retention appears to be characteristic of the soil from the period of contact of two hours to the period of three months. In the sample Vi 3a 79 to 82 per cent of the recovered phosphorus in the unincubated samples was in the alkali-soluble fraction, in the incubated samples the corresponding part was from 80 to 88 per cent. In the sample C 2, on the other hand, 70 to 80 per cent of the recovered phosphorus was sorbed in the fluoride-soluble form during the two Since in our soils the retention of soluble phosphorus seems to be almost completely depending on the factors determining its extractability by the fluoride or the alkali solutions of the fractionation procedure, a more detailed study of these fractions in the results of the present experiments may be illuminating. Table 4 contains data which show the ratio between the increases in the so-called »Al-P», or the fluoride-soluble fraction, and in the »Fe-P», or the alkali-soluble fraction both in the results obtained immediately and in those from the incubation experiment. Also the ratios of the acid oxalate soluble aluminium to iron (in moles) and the ratios of the fluoride-soluble and alkali-soluble phosphorus in the original samples are recorded. These data show that the distribution of the applied phosphorus in these two fractions in the incubated and unincubated soils is fairly similar in the first four samples. All of them are characterized by a higher increase in the alkali-soluble than in the fluoride-soluble form, at least in connection with the lowest application. This is in accordance with the molar ratio of oxalate-soluble aluminium to iron being In a field experiment on a silty clay soil with the pH 4.9, the annual applications of 400 No increase in the acid-soluble fraction could be detected. In this soil somewhat more of the applied fertilizer phosphorus appears to be accumulated in the alkalisoluble than in the fluoride-soluble fraction. Yet, the higher application has resulted in a relatively higher increase in the latter form. Also a slightly higher part of the applied phosphorus is remained soluble in ammonium chloride in the samples which got the heavier application.
In a field experiment on an acid peat soil (pH 4.2) reported in a previous paper (5), the annual applications of superphosphate during 34 years were 100, 200, and 300 kg/ha, respectively. The differences in the various phosphorus fractions between the samples from these treated plots and the untreated ones were the following: In this soil rich in iron a far larger part of the applied phosphorus is found in the alkali-soluble than in the fluoride-soluble fraction. However, even in this case the ratio between these increases in the former and the latter fractions tends to be the higher the higher the application of super-phosphate. These ratios are 0.25, 0.37, and 0.45, for the 100, 200, and 300 kg of superphosphate, respectively. In this soil from 44 to 53 per cent of the increase in phosphorus content caused by the fertilization is found in the fraction of organic phosphorus. Also the acid-soluble fraction in the treated samples was larger than that in the untreated plots. This is likely to be partly connected with the possibility that in this soil, very poor in available phosphorus, the crops of the untreated plots have been compelled to utilize also the apatite-phosphorus in the mineral fraction of the clayed peat. In any case, in this old experiment other factors than the sorption of phosphate by the soil constituents have played their role.
Discussion
The results of the present study show that the soils tend to have a characteristic pattern of phosphate retention. In the extreme cases it means that in one soil the applied water-soluble phosphate is almost completely sorbed as the alkali-soluble form supposed to be bound by iron and its compounds, whereas in an other soil by far the largest part of the sorbed phosphorus is found in the fluoride soluble fraction which is assumed to be bound mainly by aluminium and its compounds. In such extreme cases the pattern appears to be distinct very soon after the phosphate has come into contact with the soil, and this pattern will in time grow more evident. In most of our soils, however, the distribution of the applied phosphate between the fractions supposed to be bound by aluminium or iron appears to be more equal. This could be proved in a previous work (9) on the basis of a larger material as to the newly retained phosphorus. The present results also indicate that these fractions tend to be of the same order, and usually the part of the fluoride-soluble forms is somewhat higher than that of the alkali-soluble forms. The retention of applied soluble phosphorus by calcium as an apatite-like compound seems to occur in our soils only seldom to any marked degree.
Another tendency revealed by the present results is the relative increase in the fluoride-soluble fraction as compared with the alkali-soluble fraction when the rate of the application of the soluble phosphate increases. This is apparent even in those samples in which the pattern of phosphate retention is dominated by iron. The few data from the field experiments are in accordance with the results of the laboratory studies.
It is likely that in the fractionation procedure used, the ammonium fluoride solution will extract not only aluminium bound phosphorus but also e.g. dicalciumphosphate (5, 6, 10, etc.). The importance of this fraction as a source of phosphorus for plants has been emphasized (4, 11). In alkaline soils the uptake of phosphorus has been reported to be correlated with the iron bound form (1) . There are no informations of the availability of phosphorus in the various fractions in our soils.
Probably, there are differences even within the same fraction in the intensity of the sorption. It is possible that e.g. the newly retained phosphorus in the fluoridesoluble or alkali-soluble fraction is more easily available for the plants than phosphorus in the same fractions in the samples incubated for three months. If fhe fluoridesoluble fraction would represent phosphorus which the plants are able to utilize more easily than the alkali-soluble phosphorus, the present results would, for their part, explain why a fairly large application of phosphate fertilizers is necessary to secure the phosphorus nutrition of the crops in most of our soils: the part of the applied phosphorus sorbed in the fluoride-soluble forms is the lower the lower the application of fertilizer phosphorus. Attention must be paid to the fact that the lowest amount of phosphorus added in the present laboratory experiments was 100 ppm which corresponds to about 2200 to 2800 kg superphosphate per hectare. From this addition a slightly higher part was sorbed as the fluoride-soluble form than as the alkali-soluble form. When only about 200 to 400 kg superphosphate is added per hectare, the part which will be retained as the fluoride-soluble fraction may be markedly lower than that retained in the alkali-soluble fraction.
Summary
The distribution ot applied water-soluble phosphorus in the various fractions of soil inorganic phosphorus was studied in an incubation experiment under the laboratory conditions. Samples of twelve soils were incubated for three months at room temperature with the applications of KH 2 P0 4 in amounts corresponding to 100, 200, or 500 mg P/kg of soil. The results of the fractionation showed that in most samples the applied phosphorus could be found almost completely in the fluoridesoluble and alkali-soluble fractions, the part of the former being the higher and that of the latter the lower the higher the rate of the phosphate application. Similar results were obtained also when the fractionation was performed after the samples had been in contact with the phosphate solutions only for two hours. Analyses of samples from two field trials were in accordance with these results.
The soils tended to have a characteristic pattern of phosphate retention which in extreme cases means an almost complete sorption of the applied phosphate either as the fluoride-soluble form or as the alkali-soluble form. In most soils, however, the distribution was more equal. Usually the fluoride-soluble part of the recovered phosphorus tended to be somewhat higher than the alkali-soluble part. This tendency was more distinct in regard to the newly retained phosphorus.
The effect of phosphate fertilizers in our soils is discussed on the basis of the results. Todettiin, että mikäli emäkseen liukeneva fraktio todella edustaisi huomattavasti vaikeammin kasveille käyttökelpoista fosforia kuin fluoridiin liukeneva osa, olisi syytä käyttää etenkin runsaasti rautaa sisältävissä maissa voimakasta fosforilannoitusta satojen fosforin saannin turvaamiseksi.
